Abstract Neurodegenerative diseases, including Alzheimer's disease (AD), target specific and functionally connected neuronal networks, raising the possibility that neurodegeneration may spread through abnormal patterns of neural network activity. AD is associated with high levels of amyloid-b (Ab) peptides in the brain, synaptic depression, aberrant excitatory neuronal activity, and cognitive decline. However, the relationships among these alterations and their underlying mechanisms are poorly understood. In experimental models of AD, high concentrations of pathogenic Ab assemblies reduce glutamatergic transmission and enhance long-term depression at the synaptic level. At the network level, they cause dysrhythmias, including neuronal synchronization, epileptiform activity, seizures, and postictal suppression. Both synaptic depression and aberrant network synchronization likely interfere with activity-dependent synaptic regulation, which is critical for learning and memory. Abnormal patterns of neuronal activity across functionally connected brain regions may also trigger and perpetuate trans-synaptic mechanisms of neurodegeneration. It remains to be determined if synaptic depression and network dysrhythmias are mechanistically related, which of them is primary or secondary, and whether normalization of one will prevent the other as well as cognitive dysfunction in AD.
Introduction
Alzheimer's disease (AD) and other neurodegenerative diseases target specific, functionally connected neuronal networks (Braak and Braak 1991; Braak et al. 2003; Seeley et al. 2009 ), raising the possibility that neurodegeneration may spread through abnormal patterns of neural network activity (Fig. 1) . Abnormal neuronal activity and firing patters could impair the formation of synapses and the regulation of synaptic strength, which is required for learning and memory and other forms of adaptive plasticity (for review, Turrigiano and Nelson 2004) . Because both too much and too little stimulation can impair neuronal function and survival, neural network dysfunction could contribute directly to the neurodegenerative process, a notion that has important therapeutic and mechanistic implications. prevents overstimulation and ensures the production and uptake of vital growth factors (for review, Vicario-Abejon et al. 2002) . Alterations that disrupt this regulation might result in the neuronal activity-dependent spread of neurodegeneration throughout vulnerable networks. This concept differs from the more conventional notion that pathogenic factors first and foremost cause the degeneration of neurons and synapses, and changes in network activity are secondary manifestations resulting from synaptic disconnections and circuit collapse. These possibilities are not mutually exclusive and could represent elements of the same vicious cycle.
In the framework of activity-driven neuropathogenesis, an abnormally active neuron might be every bit as disruptive to the function of the network as an abnormally silent one. Indeed, activity changes in just a single cortical pyramidal neuron can profoundly alter overall network activity and behavior (Li et al. 2009a) . Three years ago, we hypothesized that destabilization of neuronal networks and compensatory responses contributes to cognitive impairments in AD and that such destabilization results, at least in part, from aberrant increases in neuronal activity induced by high Ab levels (Palop et al. 2006) . Since then, we demonstrated that high levels of Ab elicit epileptiform activity and non-convulsive seizures in neocortical and hippocampal networks of human amyloid precursor protein (hAPP) transgenic mice ( Fig. 2 and Palop et al. 2007 ). Epileptiform activity was also observed in hAPP/PS1 doubly transgenic mice (Minkeviciene et al. 2009 ). These Ab effects may relate closely to the increased incidence of epileptic seizures seen in patients with AD (for review, Palop and Mucke 2009) . Fig. 1 Ab can affect neuronal processes at multiple levels of complexity. At the molecular level, Ab may target membranes, receptors, transporters, or components of critical signaling cascades. At the synaptic level, Ab reduces glutamatergic synaptic transmission and enhances long-term depression. At the circuit level, Ab causes neurons to be hyperactive or hypoactive. At the network level, Ab elicits dysrhythmias, including epileptiform activity. Although it is unlikely that Ab exerts independent effects at each level of complexity, the extent to which these alterations are mechanistically related is currently unknown Aberrant Excitatory Neuronal Activity, Synaptic Depression, and Homeostatic Responses While pathogenic Ab assemblies elicit aberrant excitatory activity at the network level, at specific excitatory synapses in the hippocampus, they cause synaptic depression, as reflected in impaired long-term potentiation, reduced synaptic transmission strength, and/or enhanced long-term depression (Chapman et al. 1999; Hsia et al. 1999; Kamenetz et al. 2003; Hsieh et al. 2006; Palop et al. 2007; Shankar et al. 2007; Li et al. 2009b) . Whether these seemingly contradictory Ab-dependent effects represent different elements of the same causal chain or independent branches of a more complex pathogenic web remains to be determined (Fig. 1) . It is also unclear if the excitatory effects, suppressive effects, or both would have to be blocked to prevent Ab-dependent cognitive dysfunction. In general, the relationship between cognitive/behavioral and electrophysiological abnormalities in AD and related mouse models remains to be elucidated (Palop et al. 2006; Palop and Mucke 2009) .
Synaptic depression and aberrant excitatory network activity not only coexist in the context of high Ab levels, but may also be causally linked in intricate ways (Table 1) .
Particularly enticing to us is the possibility that depression of excitatory synaptic activity could lead to Fig. 2 High levels of Ab lead to synapse-specific electrophysiological deficits and increased network synchronization in animal models. a hAPPJ20 mice with high levels of Ab had different synaptic impairments in CA1 (top) and the dentate gyrus (DG) (bottom). At the Schaffer collateral to CA1 pyramidal cell synapse, long-term potentiation (LTP) (left) and paired-pulse facilitation (middle) were normal, whereas synaptic transmission strength (right) was impaired. At the perforant path to granule cell synapse in the DG, LTP (left) and pairedpulse modification (middle) were impaired, whereas synaptic transmission strength (right) was normal, as compared with NTG controls. b Cortical and hippocampal EEG recordings demonstrating epileptiform spike discharges (left) and generalized nonconvulsive seizures (right) in hAPPJ20 mice. fEPSP field excitatory postsynaptic potentials, HFS high frequency stimulation, TBS theta-burst stimulation. L left, R right, F frontal, T temporal, P parietal, O posterior-parietal, and H hippocampal. Adapted from network disinhibition, if it affected inhibitory interneurons more than principal excitatory cells. Although this specific hypothesis has, to our knowledge, not yet been formally tested, several lines of evidence suggest that Ab may indeed impair specific groups of inhibitory interneurons. For example, high levels of Ab increase hippocampal and entorhinal levels of met-enkephalin, which could suppress the activity of inhibitory interneurons bearing l-opioid receptors (Meilandt et al. 2008) . Blocking these receptors with b-funaltrexamine (b-FNA) improved learning and memory of hAPP transgenic mice in the Morris water maze (Meilandt et al. 2008) .
Another hypothesis we find attractive is that Ab-induced increases in excitatory network activity lead to synaptic depression through homeostatic or compensatory mechanisms. In cultured neuronal networks, acute treatment with bicuculline, a GABA A antagonist, increases overall neuronal activity and firing rates. However, after a couple of days, neuronal activity returns to control levels. This homeostatic effect involves proportional decreases in miniature excitatory postsynaptic currents (mEPSC). Much evidence suggest that the firing rate is the key set point of these homeostatic responses (Turrigiano et al. 1998; Turrigiano and Nelson 2004) . Surface receptors and synaptic strength may be homeostatically regulated to preserve a constant firing rate for each type of neuron.
Thus, Ab-induced synaptic depression may be caused by a synaptic scaling mechanism that is responsive to the proexcitatory effects of Ab. Although little evidence suggests a pro-excitatory effect of Ab at the synaptic level, Ab acutely enhanced NMDA-dependent synaptic transmission in brain slices (Wu et al. 1995) . Acute Ab application also transiently increased the level of AMPA receptors on the neuronal surface, as well as the frequency of spontaneous excitatory postsynaptic currents (Fig. 3 and Sanchez-Mejia et al. 2008) . In contrast, prolonged exposure of neurons to Ab decreases surface levels of AMPA and NMDA receptors and suppresses synaptic transmission or plasticity (Walsh et al. 2002; Cleary et al. 2005; Snyder et al. 2005; Hsieh et al. 2006; Townsend et al. 2006; Shankar et al. 2007) , raising the possibility of compensatory mechanisms. Consistent with this possibility, a recent study suggested that Ab-induced synaptic depression results from an impairment of neuronal glutamate transporters, increased extracellular glutamate concentrations, and enhanced activation and desensitization of NMDA receptors (Li et al. 2009b) . Ab also induced AMPA receptor desensitization, as well as spiking activity in pyramidal neurons, when AMPA receptor desensitization was prevented with cyclothiazide (Li et al. 2009 ). Thus, Ab-induced synaptic depression may result from homeostatic mechanisms, and failure of such mechanisms might contribute to neuronal hyperactivity.
Homeostatic mechanisms exist at many different levels of complexity, from receptors to circuits and networks. hAPP mice with epileptiform activity in the neocortex and hippocampus show a profound remodeling of neuronal circuits in the hippocampus (Fig. 4) , suggesting active efforts to suppress aberrant excitatory neuronal activity. These changes include ectopic expression of neuropeptide Y (NPY) by granule cells, sprouting of GABAergic terminals in the outer molecular layer, mossy fiber sprouting onto inhibitory basket cells, increases in the frequency and amplitude of granule cell miniature inhibitory postsynaptic currents (mIPSCs), and reductions of calbindin levels in granule cells similar to those seen in humans with AD (Palop et al. 2003; Palop et al. 2007 ). The struggle of compensatory inhibitory mechanisms against Ab-induced aberrant excitation may delay network failure but result in profound fluctuations in neuronal activities. This hypothesis is supported by the following observations. While a small number of hAPP mice had massive increases in the expression of the neuronal activity marker Arc in granule cells, suggesting recent seizure activity, the majority of them had suppressed Arc expression, including a complete block to novelty-induced Arc induction (Palop et al. 2005 . Furthermore, non-convulsive seizures in these mice were followed by episodes of marked postictal suppression ). In the cortex of hAPP/PS1 transgenic mice, Busche et al. (2008) identified comparable proportions of abnormally hyperactive or hypoactive neurons.
Taken together, these findings suggest that chronic or repeated Ab-induced increases in excitatory activity result in profound morphological, biochemical, and neurophysiological alterations in neural networks. Many of these alterations likely represent compensatory or adaptive efforts to suppress neuronal overexcitation and, thus, may fulfill beneficial functions. However, at the same time, they may interfere with the agility of normal excitatory processes required for learning and memory. • Inhibitory interneurons may be more susceptible to the suppressive effects of Ab than excitatory principal neurons, leading to network disinhibition.
• Cortical or subcortical regions that control neuronal excitability on a broad scale may be particularly susceptible to Ab-induced impairments, increasing overall network excitability.
• Depressed glutamatergic transmission may be a synaptic compensatory mechanism against pro-excitatory effects of Ab.
• Increased neuronal/network activity may represent a compensatory response to decreased neurotransmission at vulnerable synapses.
• Selective impairment of vulnerable synapses may result in an imbalance or redistribution of excitatory inputs, favoring synchronization and epileptic activity Both Ab and Apolipoprotein E4 May Promote Aberrant Increases in Neuronal Network Activity in Humans
As outlined above, Ab can cause aberrant increases in neuronal activity in both acute and chronic models of AD. Interestingly, increased neuronal activity and epilepsy increase the production, release, and/or accumulation of Ab (Mackenzie and Miller 1994; Kamenetz et al. 2003; Cirrito et al. 2005 Cirrito et al. , 2008 , raising the possibility of a vicious cycle in which Ab promotes its own production through alterations in neuronal network activity.
Several studies indicate that Ab deposition and aberrant excitatory neuronal activity are closely associated in cortical regions collectively known as the default network (Buckner et al. 2005; Mintun et al. 2006; Seeley et al. 2009; Sperling et al. 2009 ). The default network consists of functionally interconnected brain regions that are active during resting states and deactivated during many cognitive tasks (for review, Buckner et al. 2008) . It includes the frontal, posterior-parietal, cingulate, and restrosplenial cortices. Interestingly, humans with AD or mild cognitive impairment (MCI) fail to fully deactivate the default network during Fig. 3 Acute Ab treatment increases surface AMPA receptor levels and excitatory synaptic currents. a-b Surface levels of GluR1 were assessed by biotinylation assay at 0, 10, 30, or 60 min after addition of Ab or arachidonic acid (AA) in primary neuronal cultures. Ab and AA acutely increased surface levels of GluR1 at 10 min, but surface receptor levels returned to baseline after 30 and 60 min of Ab or AA exposure (b). Inhibiting phospholipase A 2 , which releases AA from phospholipids, with AACOCF3 blocked the Ab-induced increase in surface GluR1 levels (a). c-d Brain slices were prepared from NTG mice. Neuronal activity was recorded from layer 5 pyramidal neurons in the presence of GABAzine (10 lM). c Representative spontaneous excitatory postsynaptic currents (sEPSCs) traces recorded from a single voltage-clamped neuron before (left) and 5 min after (middle) application of Ab, and 7 min after washout (right). For each condition, four segments of a continuous trace are shown. Note the increased frequency of sEPSCs after the Ab treatment. d Cumulative histograms demonstrating that sEPSC interevent intervals were reversibly decreased by Ab (left) or AA (middle) and that the Ab effect could be blocked by AACOCF 3 (right). Adapted from (Sanchez-Mejia et al. 2008 ). **** P \ 0.001 by ANOVA diverse cognitive tasks (Lustig et al. 2003; Petrella et al. 2007; Pihlajamaki et al. 2008) . Moreover, MCI patients showed aberrant activation in the lateral parietal and posterior cingulate cortex, and this aberrant activity correlated well with the amount of amyloid deposition in these regions (Sperling et al. 2009 ). It is worth noting in this context that hyperactive neurons in hAPP/PS1 mice tended to be located in close proximity to Ab deposits (Busche et al. 2008) .
Once AD has become manifest, it is difficult to determine if increases in network activity are a cause or consequence of Ab accumulation and neurodegeneration. It is interesting in this regard that cognitively normal carriers of the APOE e4 allele, the main genetic risk factor for AD, showed abnormal increases in neural network activity when given working memory tasks (Wishart et al. 2006) . It remains to be determined if the increased network activity seen in the context of high Ab levels or apoE4 represents convergent and primary effects of these copathogens or compensatory efforts of the brain to overcome early impairments in neuronal functions. As discussed below, resolving this question has important therapeutic implications.
Could the Prevention of Aberrant Network Activity Prevent Cognitive Decline and Neurodegeneration in AD?
At a cell-autonomous level, aberrant excitatory activity could result in energy depletion, particularly if mitochondrial functions were already impaired at baseline. Notably, both Ab and apoE4 can impair mitochondrial functions (Keller et al. 1997; Chang et al. 2005; Du et al. 2008; Mattson et al. 2008; Wang et al. 2008; Cho et al. 2009 ). At the circuit or network level, excessive release or accumulation of glutamate could result in excitotoxic damage and calcium dysregulation (Mattson et al. 1992; Mark et al. 1995; Rothman and Olney 1995; Bezprozvanny and Mattson 2008) . Blocking Abinduced excesses in excitatory neuronal activity might prevent both cell-autonomous and trans-synaptic pathogenic consequences. But how can this feat be achieved? One approach to preventing excitotoxicity has been to block NMDA receptors with memantine (Lipton 2005; Kotermanski and Johnson 2009) , a drug approved for use in AD. However, the therapeutic benefits of memantine in AD have been limited (for example, Porsteinsson et al. 2008) , and this drug may not block the primary upstream mechanisms by which Ab elicits aberrant excitatory neuronal activity. Indeed, alterations in NMDA receptor function may be only one of several processes triggered by these elusive mechanisms. Recent studies have made some headway toward their identification.
Reducing the levels of wildtype endogenous tau increased the resistance of non-transgenic mice to chemically induced seizures . Consistent with the idea that Ab impairs cognitive functions by eliciting aberrant excitatory activity, tau reduction also effectively prevented Ab-induced cognitive deficits and aberrant excitatory neuronal activity in hAPP transgenic mice Fig. 4 Inhibitory hippocampal remodeling and increased inhibition in hAPPJ20 mice. hAPPJ20 mice show robust remodeling of inhibitory circuits in the dentate gyrus, a brain region critically involved in learning and memory. a Compared with NTG controls (top), hAPPJ20 mice (bottom) had increased NPY/GABAergic axons in the molecular layer and ectopic expression of NPY in mossy fibers.
b Diagram depicting axonal remodeling in hAPPJ20 mice, including GABAergic sprouting (green) onto granule cells (gray) and sprouting of NPY-positive mossy fibers (orange) onto basket cells (blue). c Enhanced inhibitory input (mIPSC) onto granule cells in hAPPJ20 mice. Adapted from ) (Roberson et al. 2007 and unpublished results) . Like Ab, arachidonic acid acutely increases neuronal excitability (Fig. 3 and Sanchez-Mejia et al. 2008) . Lowering arachidonic acid levels by reducing the activity of group IVA phospholipase A 2 also prevented Ab-dependent cognitive deficits in hAPP mice (Sanchez-Mejia et al. 2008) . Ab might also trigger aberrant neuronal activity by binding to the receptor for advanced glycation end products (Origlia et al. 2008 ), a7-nicotinic acetylcholine receptor (Dineley et al. 2001; Snyder et al. 2005) , or prion protein (Lauren et al. 2009 ); impairments of astroglial or neuronal glutamate transporters (Harris et al. 1995; Keller et al. 1997; Masliah et al. 2000; Li et al. 2009b ), glucose transporters (Keller et al. 1997) , ATP transporters (Bezprozvanny and Mattson 2008) , or ion-motive ATPase activities (Mark et al. 1995) ; and the formation of ion-fluxing pores in neuronal membranes (Yoshiike et al. 2007) .
What effects these proximal actions of Ab have on overall network activity will critically depend on whether Ab blocks or activates the proteins it interacts with and which type of cell (e.g., inhibitory or excitatory) it affects the most. Additional studies are needed to address these questions and to determine the relative pathogenic importance of the processes described above, the extent to which they may be interconnected, and their potential as drug targets in the treatment and prevention of AD.
